The 26S mRNA and most of the nsP4 encoding regions of the eastern equine encephalomyelitis (EEE) viral genome have been cloned. Excluding the poly(A) tail, the 26S mRNA region was determined to be 4139 nucleotides long and to share the same general organization as that of other alphaviruses. A highly conserved region of 19 nucleotides, the putative transcriptase recognition site for 26S mRNA synthesis, was present at the 26S/42Sjunction region of the 42S genomic RNA. Translation of the 26S mRNA began at the first AUG (positions 59 to 61) initiation codon and continued with an open reading flame that coded for a polyprotein of 1258 amino acids ending at a UAA ochre termination codon (positions 3776 to 3778). All four putative posttranslational cleavage sites used to generate the capsid, E3, E2, 6K and E1 proteins were conserved. Transmembrane domains present in the EEE virus structural polyprotein have been identified and their functions discussed. Pairwise comparison of the deduced amino acid sequences of the polyproteins of five alphaviruses (EEE, Venezuelan equine encephalitis, Sindbis, Semliki Forest and Ross River viruses) revealed EEE virus to be more closely related to VEE virus than to the other three viruses.
INTRODUCTION Eastern equine encephalomyelitis (EEE) virus was first isolated in New Jersey by
from infected horse brain. Since then, the virus has been isolated from mosquitoes, birds, horses and humans along the freshwater marshes of the Atlantic and Gulf coasts of the United States, among the islands and along South and Central American coastlines of the Caribbean and in foci near the Great Lakes (Shope, 1985) . Outbreaks in man are generally sporadic, with 152 human cases reported between 1938 and 1971 in the United States. The largest recorded equine outbreak in the United States occurred in 1947 in the bayous of coastal Louisiana and adjacent Texas (Monath & Trent, 1981) , where 14344 equine cases with 11722 deaths and 10 human cases were attributed to this epidemic.
EEE virus belongs to the alphavirus genus of the family Togaviridae (Westaway et al., 1985) . Casals (1964) determined that there are two antigenic variants of the virus. North American viruses are serologically identical but differ from the Panamanian and South American strains, which differ among themselves and are distinct from the North American isolates. EEE virus strains from the Dominican Republic (Eklund et al., 1951) and Jamaica are indistinguishable from the North American type (Casals, 1964) .
Alphaviruses replicate in the cytoplasm of vertebrate and invertebrate cells and mature by budding through the plasma membrane (Murphy, 1980) . Two species of viral mRNA are 0000-7564 as described by Wallace et ak (1981) . Two clones, designated pEE-14 and pEE-72, that hybridized with these probes were purified for subcloning and restriction map analysis (Garger et al., 1983) .
Subcloning and sequencing of clones p Single and multiple restriction enzyme digestions (Lawn et al., 1978) were used to map the restriction sites of the pEE-14 and pEE-72 clones. Restriction fragments suitable for sequence analysis were separated by low melting point agarose electrophoresis, isolated from the gel (Kinney et al., 1986) and subcloned into bacteriophage M 13 mp 18 or mp 19 (Barnes & Bevan, 1983; Norrander et al., 1983) . E. coli strain JM101 (Yanisch-Perron et al., 1985) ceils were made competent for transfection by the magnesium chloride/calcium chloride method (Messing, 1983 ). Recombinant phages were tested for insert cDNA identity and orientation using the C-test (Messing, 1983) . Recombinant phage clones containing cDNA inserts larger than 700 bp were manipulated further by the rapid deletion subcloning procedure of Dale et al. (1985) to facilitate sequencing across the entire cDNA. DNA sequencing was performed by the dideoxy chain termination method (Sanger et al., 1977 (Sanger et al., , 1980 .
Data management and analysis. Computer analysis of DNA sequence information was accomplished with the aid of a Fortran version 77 program, RKSEQ, running on a Control Data Corporation mainframe Cyber computer (Kinney et al., 1986) . A commercial software program, DNASIS (Hitachi) run on an IBM PC/XT H personal computer was also used to analyse the nucleotide sequence.
RESULTS

Molecular cloning and sequencing of viral cDNA
Twenty clones containing cDNA of 2700 to 4900 bp were isolated and the cDNA sequences relative to EEE viral RNA determined by dot blot hybridization. Two clones, pEE-14 and pEE-72, which should contain the 26S mRNA sequence, were Further characterized by restriction enzyme mapping (Fig. 1) .
Our strategy for sequencing clones pEE-14 and pEE-72 is presented in Fig. 1 . Both strands of the cDNA in these clones were fully sequenced and all the restriction enzyme junctions were confirmed by sequencing other recombinant clones which contained cDNA sequences that spanned the junctions.
The nucleotide and deduced amino acid sequences of EEE virus genome encoding the 26S mRNA
The sequence of clone pEE-72 begins 18 nucleotides beyond the opal termination codon UGA that is located between nsP3 and nsP4 in the SIN virus sequence , extends through the junction region of the 26S mRNA, and contains three-quarters of the length of the entire 26S mRNA. The pEE-14 clone overlaps clone pEE-72 by about 1200 nucleotides and extends to the poly(A) tract (Fig. 1) .
The cap site of the EEE virus 26S mRNA was identified by homology alignment with other alphaviruses (Fig. 2) . Excluding the poly(A) tract, the EEE virus 26S mRNA was 4139 nucleotides long with a base composition of 27.9~ A, 25.5~ C, 23.3~ G and 23.3~ U. The 5' and 3' non-translated regions were 58 and 362 nucleotides in length, respectively. Translation started at the first AUG initiation codon (position 59 to 61) and extended For 3717 nucleotides until an ochre termination codon (UAA) was reached. The open reading Frame coded for a polyprotein of 1239 amino acids which, by homology with other alphaviruses, comprises five proteins: capsid, E3, E2, 6K and E 1 (Fig. 3) . Codon usage in the structural region of the genome was not random (Table 1) , which may permit efficient translation of viral proteins in both vertebrate and invertebrate cells (Dalgarno et al., 1983 ; Kinney et al., 1986; Strauss & Strauss, 1986) .
The first 50 amino-terminal amino acids of E1 and the first 25 of E2 have been previously determined (Bell et al., 1984) . The published amino acids at position 41 in E1 and position 23 in E2 are isoleucine and methionine, whereas the deduced amino acids at these positions were serine and glycine, respectively. This difference may be due to sequence differences between the NJO strain and the 82V-2137 strain EEE viruses studied. The amino-terminal sequences of other proteins were assigned on the basis of their homology with those of other alphaviruses (Kinney et aL, 1986) . Homologies around the presumptive proteolytic cleavage sites in the EEE viral structural polyproteins and other alphaviruses are illustrated in Fig. 4 by Ou et al. (1982b) , and the translation initiation site are aligned with the EEE virus sequence. Gaps are introduced between these two flanking sequences. Colons (:) represent nucleotides identical to the EEE virus sequence; (#) indicates termination codons. Data for SIN, SF, RR, MB and VEE viruses were obtained from Ou et aL (1982b) and Kinney et al. (1986) . glycoprotein was aspartic acid, which is different from other alphaviruses that have serine at this position. The last two amino acids at the carboxyl-terminal end of the EEE virus E3 glycoprotein were arginine, agreeing with the postulation that the proteolytic processing of PE2 to form E3 and E2 is carried out by the Golgi apparatus protease (Strauss & Strauss, 1986; Dean & Judah, 1980) . 
EEE virus capsid protein
GACGUCACCCUUGCUGAGAGCGGGA0CAUUUACAUUCCACUUC~CCACUG~A~`CAUCCAUCCU~CUUUUAAGCU~CAG~UCU~CACUA~U~CAUUACCUG~A~GAGAUU~CAAGCC The carboxyl-terminal 158 amino acids of the capsid are highly conserved among alphaviruses (Fig. 5 ) and probably have a highly defined structure. The C-terminal region is postulated to have functions that include subunit-subunit interaction in assembling the nucleocapsid, capsid-glycoprotein interaction in virus budding and an autoproteolytic activity in processing the viral structural polyprotein (Strauss & Strauss, 1986) .
The SIN virus capsid protein has been postulated to have an autoproteolytic serine protease activity formed by His-141,'Asp-147 and Ser-215 (Hahn et al., 1985) . These three residues were conserved in the EEE virus capsid protein at positions His-136, Asp-142 and Ser-210. A comparison of the EEE virus capsid protein with other alphavirus capsid protein amino acid sequences showed a 61.9~ overall homology with the VEE virus capsid protein, 50.38~ with that of SIN virus, 49.63~ with that of SF virus and 48-73~o with that of RR virus.
EEE virus E3 and E2 proteins
The EEE virus E3 protein was 63 amino acids in length with a deduced unglycosylated molecular weight of 7203. The first 16 amino acids, which were uncharged and fairly hydrophobic (Fig. 6) , could serve as a signal sequence for the insertion of PE2 (uncleaved E3 A dot is placed in the matrix whenever four consecutive amino acid residues in the two strings, without introducing the gap between residues, are identical. plus E2) into the endoplasmic reticulum during protein synthesis (Garoff et al., 1980b) . A potential glycosylation site was found at position 11 ( Fig. 3 and 6) , which is conserved among alphaviruses. The SF virus and RR virus E3 proteins possess a second potential glycosylation site at Asn(60)-Gly-Thr and Asn(58)-Arg-Ser respectively. However, only one of the two sites in SF virus is glycosylated (Garoff et al., 1980a, b) . The EEE virus E3 protein showed 57-81 ~o, 39.71 ~, 57-58 ~ and 54"69~o overall amino acid sequence homology with the VEE, SIN, SF and RR virus E3 proteins, respectively.
The E2 protein of EEE virus had a deduced unglycosylated molecular weight of 26979 and was 420 amino acids long. The E2 protein is the least conserved among the alphaviruses, especially the amino-terminal two-thirds of the protein (Fig. 5) . To identify regions of the E2 glycoprotein which may contain major antigenic determinants, the amino acid sequence was analysed using the hydrophobicity plot of Hopp & Woods (1981) . Results from this analysis, based on the identification of hydrophilicity and amino acid sequence in the region, revealed two stretches of amino acids as possible candidates for major antigenic determinants in the EEE virus E2 protein. One of these sequences was located at the extreme amino terminus (1-Asp-LeuAsp-Thr-His-Phe-6) in a region of E2 which is highly variable and may contain alphavirus typespecific antigenic determinants (Kinney et al., 1986) . Another predicted antigenic determinant was located in the amino acid sequence 232-Lys-Trp-Val-Tyr-Asn-Ser-237, which is shared with the VEE virus E2 protein but not with those of SIN, SF, or RR viruses (Kinney et al., 1986) .
The E2 protein had two stretches of uncharged amino acids near its carboxyl terminus at amino acids 360 to 379 and 405 to 416 (Fig. 3 and 6 ). The sequence of the first peptide was highly variable, having only four conserved amino acids in the total of 20 residues. The second peptide had a higher homology, with nine conserved amino acids in a total of 11 residues. Both peptides span the membrane (Kyte & Doolittle, 1982) and function as a signal or stop-transfer sequence (Coleman et al., 1985) .
The region between these two hydrophobic domains (residues 380 to 404) was relatively hydrophilic (Fig. 6 ) and is possibly exposed on the cytoplasmic side of the viral envelope. This region has five consecutive amino acids (393-Cys-Ile-Thr-Pro-Tyr-397) shared by all alphaviruses examined. Amino acids in this region may interact with the viral nucleocapsid during the morphogenesis of alphaviruses.
The EEE virus E2 protein has two potential glycosylation sites at amino acid positions 302 (Asn-Pro-Thr) and 315 (Asn-Phe-Thr) but its actual glycosylation pattern is still unknown. The EEE virus E2 protein had overall amino acid sequence homology of 45.86~, 42.72~, 39-96~ and 39.86~o with the E2 proteins of VEE, SIN, SF and RR virus, respectively.
EEE virus 6K and E1 proteins
EEE virus 6K protein was the most hydrophobic protein of the EEE virus structural proteins (Fig. 6) . The only biological function assigned to this protein is that of a signal sequence involved in translocation of the E1 protein (Dalgarno et al., 1983 ; Kinney et al., 1986) . The EEE virus 6K protein shares a 53.57~ overall sequence homology with the 6K protein of VEE virus but has only a 31.58~, 35~o and 31-67~ with those of SIN, SF and RR viruses, respectively. The EEE virus 6K protein was 56 amino acids in length with a deduced molecular weight of 6159. It could be separated into two domains (Fig. 6) . The first was hydrophilic in nature and contained five charged amino acids, whereas the second was hydrophobic, thus fulfilling the criteria of Kyte & Doolittle (1982) to be a transmembrane domain and to function as a signal sequence (Cutler & Garoff, 1986) .
The EEE virus E1 protein was 441 amino acids long with an unglycosylated molecular weight of 48 300. Biological functions assigned to the E 1 protein include mediation of virus fusion and anchoring of the E I protein in the virus envelope (Garoff et al., 1980b; Kinney et al., 1986) . The fusion domain, a hydrophobic peptide, was present in the EEE virus El protein between positions 75 to 109. The second hydrophobic region, anchoring the E1 protein, was located at the carboxyl terminus, beginning at 413-Val and ending at 437-Phe. Only the last three charged amino acid residues (439-His-Arg-His-441) are located on the cytoplasmic side of the membrane. The EEE virus E 1 glycoprotein has a single Asn-linked glycosylation site located at position 134 ( Fig. 3 and 6) .
Possible antigenic determinants on the EEE virus E 1 are predicted by the hydrophilicity plot of Hopp & Woods (1981) . One of the predicted regions has the amino acid sequence 104-SerGlu-Ala-Tyr-Val-Glu-109 and is located at the carboxyl terminus within the postulated fusion domain. Interaction of this peptide with the cellular receptor may induce conformational changes of the fusion domain and cause penetration of the virus.
DISCUSSION
The transcription start site of the EEE virus 26S RNA was identified by homology alignment with that of other alphaviruses, confirming the same general organization of the subgenomic mRNAs (Garoffet al., 1980a, b; Rice & Strauss, 1981 a, b; Dalgarno et al., 1983; Kinney et al., 1986) . The EEE virus gene encoding the 26S mRNA is 4139 nucleotides in length, excluding the poly(A) tract, 5' and 3' non-coding regions of 58 and 362 nucleotides, respectively. The 19 conserved nucleotides (Ou et al., 1982b) , comprising the putative transcriptase recognition sequence for the alphavirus 26S RNA, was confirmed at the 26S/42S junction region of the EEE virus RNA (Fig. 2) . Four in-phase termination codons are located in this region of the EEE virus genome. Both EEE and VEE viruses have opal termination codons (UGA) in the conserved sequence of the 26S junction. EEE virus also has an in-phase termination codon, similar to SIN, RR and Middleburg viruses, at the beginning of the 26S RNA (Fig. 2) .
Translocation of the PE2 and E1 proteins through the rough endoplasmic reticulum membrane and anchoring proteins on the membrane requires at least two functional signal sequences and two stop-transfer sequences. These sequences have been identified unambiguously in the E3 and 6K protein region and at the carboxy-terminus of E2 and E 1 (Table 2) . Two proteolytic cleavages are required to separate PE2 and El, both of which occur after alanine residues (Fig. 4) . It has been suggested that signalase, which is found only on the luminal side of the rough endoplasmic reticulum, catalyses both these cleavages contains all the features necessary to function as an internal signal sequence. This region has an average hydrophobic index of 2-74 and is flanked by positively charged amino acids at both ends. The segment would facilitate the translocation of the 6K protein and also act as a second membrane anchor domain for the PE2 protein.
Mutagenesis of viral cDNA in vitro around these two compatible domains has been carried out in the SF viral system to study the processing of the PE2 protein (Garoff et al., 1983; Cutler & Garoff, 1986; Roman & Garoff, 1986) . The results seem to be in favour of our prediction since deletion or base substitution mutations which do not change the first compatible domain (position 362 to 379 of the EEE virus E2) do not alter the behaviour of the PE2 protein in the SF system. The truncated PE2 protein associates with rough endoplasmic reticulum and does not reach the cell surface if the deletion affects the first transmembrane region in E2 (Garoff et al., 1983) . Translocation and proteolytic processing of the EEE virus polyprotein is summarized in Fig.  7 . As indicated in this model, E3 could associate, at least temporarily, with the membrane. Cleavage of the PE2 protein to form the mature E2 protein requires the presence of E1 protein (Cutler & Garoff, 1986) . Assembly of the heterodimeric spikes consisting of the E1 and E2 proteins may be initiated in the form of PE2 and E 1 proteins in the rough endoplasmic reticulum and then cotransported to the Golgi apparatus. Association of PE2 and E 1 proteins also exposes the cleavage site between E3 and E2 and may then be cleaved by the protease.
Several conserved domains present in the E1 protein may be important in assembly of the heterodimeric spikes consisting of the E1 and E2 proteins. The E1 protein is less hydrophilic than the E2 protein and may form the inner core of the heterodimeric spikes. Conserved domains found in the E1 protein may be involved in intrapeptide or interpeptide interactions that maintain the integrity of the alphavirus spike. The E2 protein, on the other hand, has less overall homology with other alphaviruses (42-1 ~o) than the E1 protein (54.02~) and possesses the major antigenic determinants of the alphavirus. Most of the E2 protein regions may be exposed on the outer surface of the glycoprotein spike, which could explain why there is a more rapid evolution of E2 due to outside selection pressures such as host immune surveillance and vector competence. This structure-function relationship of E2 proteins in alphavirus evolution may explain why they are specifically involved in generation of strain diversity (Strauss & Strauss, 1986) . Bell et al. (1984) developed an evolutionary tree to relate eight alphaviruses, representing five antigenic complexes, based on the first 50 amino acids at the amino-terminal end of the E1 protein. This analysis imposes a potential bias in the comparisons. The 50 amino acid sequence of El, which was used by Bell et al. (1984) for the comparisons, may be too short to represent the true divergence of the proteins in question. Our data show that VEE and EEE viruses are the most closely related alphaviruses when the entire E1 protein sequences of EEE, VEE, SIN, SF and RR viruses are compared (Table 3) .
As an alternative approach, we compared the capsid protein sequences of five alphaviruses: EEE, VEE, SIN, SF and RR. We selected this protein for two reasons (Table 3) . First, the capsid is an internal structural protein of the alphavirus, and selection pressures exerted on it should be the same for all alphaviruses. Second, the capsid protein possesses two domains, the first having less sequence homology than the other which is highly conserved. The evolutionary tree relating these five viruses was built by sequentially adding branches (Bell et al., 1984) . EEE and VEE viruses have been placed in the same major branch and separated from SIN, SF and RR viruses on the other branch. The geographical distribution and the disease patterns of viruses on the two different branches also differ. EEE and VEE viruses occur only in the western hemisphere and cause encephalitis. On the other hand, SIN, SF and RR viruses are isolated only from the eastern hemisphere and cause rash, fever and polyarthritis (Shope, 1985) . Western equine encephalitis (WEE) and SIN viruses are closely related serologically. However, WEE virus, like EEE and VEE viruses, is only found in the western hemisphere where it causes encephalitis. It is possible that alphaviruses were introduced into the western hemisphere through SIN. The tendency toward neurotropism may have occurred after the evolutionary divergence of the viruses in question.
